Introduction and overview
Studying the effects of shear stress on cell behavior in the microvasculature can be addressed by interdisciplinary, multi-scale experimentation and modeling. Contributions from medicine, cell biology and molecular biology have made great strides; now inclusion of engineering and physics to examine rheology of cellular components and fluid profiles adds needed dimension to this complex problem. The need for an interdisciplinary multi-scale approach to the study of pathologies becomes even more apparent when the boundaries of observation and clinically appropriate models are reached, such as in the microcirculation. Here, we will briefly review the current understanding of cellular response to fluid shear stress related to mechanobiology. We will discuss new directions in cellular study related to nuclear deformation and the role it plays on cell and multicellular response. This is particularly relevant given an aging disorder in which nuclear mechanical properties are altered and clinical manifestations manifest in the cardiovascular system. We will end this review with multiscale engineering techniques useful for both expanding molecular, subcellular and cellular studies to potentially clinically relevant levels as well as adapting in vivo and in vitro information to better understand the microcirculation.
Cellular mechanical response to shear stress
The cardiovascular system provides the most relevant system to study cellular response to fluid shear stress due to its widespread clinical implications. Atherosclerotic lesions, that have long been known to lead to cardiovascular disease, preferentially locate at regions of disturbed or unsteady flow and lesions are rarely seen in areas of fully developed laminar flow [11] . These observations lead to the hypothesis that the changes in cellular behavior caused by shear stress protect against the development of atherosclerosis, a phenotype which has been termed "atheroprotective" [22] . In areas of temporally and spatially disturbed flow, cells change shape, expression profiles and become overly mitogenic [31] . In atheroprotective regions, typically experiencing steady laminar flow, endothelial cells release a host of factors that inhibit coagulation, migration of leukocytes, proliferation of smooth muscles, and promote endothelial cell survival while the opposite is true in regions showing atherosclerotic phenomena [15, 16] .
Similarly, shear stress plays a vital role in the development of the cardiovascular system. During development, shear stress is particularly high [52] and loss of shear stress from capillaries causes capillary regression and cell apoptosis [76] . 
Mechanotransduction: chemical signaling
In nearly all cell types, force on the cell is able to alter gene expression by chemical factors such as NF-κB activated through chemical pathways induced by strains on the cellular plasma membrane or cytoskeleton through transcriptional activators and repressors [89, 103, 116] . This activation of genes by mechanical forces is a primary example of mechanotransduction. Specifically to endothelial cells, researchers have studied the chemical pathways in cells activated by shear stress including NF-κB [17] and others [65] . In addition to work on specific proteins and signaling pathways suspected of being involved in cellular response to shear stress, DNA chip technology show changes in global gene expression in endothelial cells exposed to shear stress [11, 86, 118] .
Mechanotransduction: mechanobiology
There has been a growing acceptance that cellular activity is modulated by mechanical environment and stress through mechanical means in addition to simple chemical changes in the cell [24] . Force acts in many ways: affecting reaction rates, dislocating bonds, causing the translocation of nuclear factors, stretching the membrane, changing cellular compartment shape, altering polarity and changing cell-cell connections, etc.
Below we will discuss the well-established and emerging theories of how force affects cells, termed mechanobiology.
Glycocalyx
Starting from the outside of the cell, the glycocalyx is a thin layer (0.5-3 μm [113] ) of proteoglycans, glycosaminoglycans (GAGs) bound to the apical membrane of endothelial cells that is hydrated and mixed with plasma proteins. Interconnection with the cytoskeleton at the cytoskeleton allows for mechanical information to be transmitted into the cell [111] . The glycocalyx is suggested to play an important role in the response of cells to shear stress, particularly in narrow diameter capillaries [113] .
Stretch-activated ion channels
Stretch-activated ion channels are present on many types of cells which experience force. Ion-specific stretch activated channels, including sodium [112] , potassium [87] and chloride [4] , are present on endothelial cells, and blocking these channels has been shown to inhibit shear stress-dependent function. Shear stress-induced increases in membrane tension can alter G-protein cascades or other membrane-linked protein interactions [120] .
Cytoskeletal rearrangements
Cell morphology changes significantly when cells are exposed to shear stress, typically involving redistributions of the actin cytoskeleton and focal adhesions [74, 85] . Cells flatten and elongate in the direction of flow [6] , and actin filaments typically align into stress fibers parallel to the direction of flow [85] . Significant reorganization of intermediate filament networks is also observed under shear flow suggesting that all structural components of the cell are flow-sensitive [26] .
The exact mechanism by which cytoskeletal reorganization is able to affect gene regulation is unclear. Reorganization of stress fibers [122] and actin-binding, stresssensitive molecules such as filamin [57] may play a role, but the mechanisms in endothelial cells have not been determined. Also, cytoskeletal rearrangements are suggested to influence the cell in many indirect ways, including changing subcellular compartments, reaction surface area, or cell stiffness, which subsequently affects tissue stiffness [26] . The best studied change in cell phenotype associated with shear stress is the change in cell-cell interaction due to the reorganization of the cytoskeleton.
Cell-cell and cell-extracellular matrix connections
The organization and distribution of PECAM-1 (platelet endothelial cell adhesion molecule; cell-cell adhesion molecule) [37] , VE-cadherins (involved in adherens junctions) and β-catenin (anchors adherens to the cytoskeleton) is affected by mechanical stress [13] . In addition to cell-cell contacts, cell-contacts with the extracellular matrix are suggested to be important; cells bind the extracellular matrix by means of integrins, which are typically α/β heterocomplexes. Recently, integrin activation including focal adhesion kinase (FAK) [122] has been shown to regulate NF-κB in a shear-stress dependent way in endothelial cells [95] .
Nuclear mechanical response to shear stress
The nucleus is the largest and stiffest organelle in most mammalian cells, including the endothelial cell, and can influence cell mechanics [12] . This is highlighted in several disease states caused by mutations in nuclear structural proteins which give rise to altered tissue level mechanics in the vasculature and elsewhere [78, 80] . Of particular interest in the vasculature is the premature aging [114] and nuclear stiffening [24] disease Hutchinson Gilford progeria syndrome (HGPS), which will be described in more detail below. Patients with HGPS, which affects proteins within the nucleus, often experience cardiovascular disease [35] suggesting that extracellular fluid flow is related to intracellular stiffness.
Work done to study the effects of shear stress on normal cells also suggests that flow outside the cell impacts nuclear organization. Simulations of cell responses to shear stress in a normal endothelial layer suggest that a simple model of minimizing the shape of the nucleus to reduce drag is sufficient to model the morphological changes experienced by cells [50] . This suggests that the nucleus does, in fact, respond to forces over long time scales. Deguchi and colleagues showed that shear stress aligns nuclei from endothelial cells, and the shape is retained even after nuclei are removed from cells [30] . These global arrangements are correlated with a nearly 50% increase in nuclear stiffness [30] . Other studies have shown that shear stress impacts the molecular levels and distributions of the nucleus; structural proteins of the nucleus are upregulated under force and redistributed into a more load-bearing configuration [96] .
This redistribution of molecules and force within the nucleus may be related to gene expression. The organization of chromatin domains within the nucleus is related to gene expression [32] . Gross rearrangements of nuclei [30, 46] and subnuclear features [32, 70] are observed in cells exposed to extracellular stress. More directly, studies have shown that mechanically pulling on integrins outside cells transmits force and rearranges nucleoli within the nuclei [70] . While these mechanisms are poorly resolved in endothelial cells under shear, they may be linked to shear-induced gene transcription mechanisms and will be discussed in more detail below.
Nuclear structural and mechanical elements
The structural support of the nucleus is the nuclear lamina. The nuclear lamina is a filamentous network of mostly lamin proteins underlying the inner nuclear membrane (INM). Human cells encode three genes for two types of lamins: A-type lamins, alternative splicing of the LMNA gene which produces primarily lamin A and lamin C, and B-type lamins, including lamin B1 and lamin B2, which are encoded by separate genes [66, 123] . B-type lamins are always expressed in all cell types of metazoans [79] and these genes are essential to cell survival [49] . Without A-type lamins, cells are able to survive and proliferate, but at least twelve human diseases result from mutations in LMNA [47] .
Lamins can interact with chromatin directly [77, 109] , indirectly [42] and via lamin binding proteins [102] . Lamin structures regulate and support protein complexes involved in gene expression [10, 61] ; DNA replication, transcription and repair [90] ; nuclear positioning [75] ; and aging [25, 43] . Loss or alteration of lamin A through disease is associated with heterochromatin loss at the nuclear periphery and alterations in epigenetic modifications regulating heterochromatin at the nuclear interior [104] .
Mechanisms of these lamin-dependent regulations are unknown, but since they are responsible for the structural stability of the nucleus, it is suggested that force may be involved.
The nuclear lamins are mechanically stiff proteins that make up a majority of the nuclear envelope and are necessary for the structural integrity of the nucleus. The contribution of nuclear lamins to the stiffness of nuclei is suggested by the following observations: 1) highly fragile nuclei reconstituted from lamin-depleted Xenopus egg extracts [83] and 2) nuclei from mouse lmna-null cells are mechanically weak [61] . In vitro rheology of reconstituted lamin B1 solutions shows lamin filaments to be stiff but elastic [88] . Direct mechanical measurements of Xenopus oocyte nuclei also show the in vivo lamina to be a stiff but elastic network [24] .
Lamins and disease
The lamina is involved in nuclear mechanics as well as fundamental cellular processes such as chromatin organization, DNA replication and RNA transcription [51] .
Abnormalities in the lamina due to mutations in lamins and lamin-associated proteins lead to disease pathology, collectively termed laminopathies [80, 114, 121] .
Interestingly, laminopathies manifest in a diverse set of clinical presentations involving a variety of disparate tissues types that depend on the specific mutation involved. There are over 180 known mutations in three genes (LMNA, LMNB1, LMNB2) that result in 13 different laminopathies [114] . Lamina network structure and mechanics play a key role in some of these diseases [24, 61] , such that increases and decreases in lamin proteins at the nuclear envelope lead to premature aging and muscular dystrophies, respectively [45] . Lamin concentration and organization are also altered in normal aging processes [25, 47] . In most cases, stress-bearing tissues (such as endothelium, muscle, cartilage, etc.) are most affected by nuclear defects, suggesting that alterations in force transmission may be a pathological factor [45] . The underlying mechanisms of these diseases are not well understood, limiting the development of treatments, cures and preventions.
Nuclear laminopathies and RNAi technologies allow study of nuclear effects of cell responses to force. Loss of lamins and the resulting nuclear softening leads to cardiomyopathy and a muscular dystrophy phenotype in mice [62] . Addition of exogenous lamins often does not alter cellular phenotype because cells compensate by increasing lamin expression. However, the production of mutant lamins like in Hutchison-Gilford progeria syndrome (HGPS) cause an accumulation of lamin filaments and nuclear stiffening that is thought to lead to weakening of vascular tissue. [24] .
HGPS shows the most direct connection between lamin mutation, nuclear structure/mechanics and vascular disease, discussed below.
Hutchison-Gilford progeria syndrome (HGPS)
HGPS is a devastating form of premature aging which causes systemic issues with tissues. After birth, patients with HGPS experience progressive loss of subcutaneous fat, severe growth retardation, hair loss, bone deformations, osteoporosis, delayed dentition, joint stiffness, hip dislocations and progressive arteriosclerosis [35] . Most of the problems with HGPS are related to load-bearing tissues, and there are no neurological aged-like symptoms associated with the disease. Most patients with HGPS experience severe cardiovascular phenotypes, which is typically the cause of death usually in the early teens [35] . 
HGPS and cardiovascular disease

Structural and mechanical causes of HGPS
Molecular
The altered mechanisms of lamin A post-processing in HGPS are of increased interest due to their unique nature and etiology [124] . Normal processing, which is complex for a structural molecule in the cell, is presented in Figure 1 . Prenylation is a common posttranslational modification that occurs on a variety of proteins, including Ras proteins, G proteins, lamins and yeast mating factors. Prenylation requires the presence of a CAAX box motif at the C-terminus: the CAAX box consists of cysteine and two aliphatic amino acids, which affect the efficiency of prenylation. The terminal amino acid (X) determines which of the two types of prenylation (farnesylation or geranylgeranylation) can occur [18, 20, 94] . If X is serine, methionine, cysteine, alanine or glutamine, then a farnesyl moiety will be added; however, a leucine or phenylalanine will signal the addition of a geranyl moiety [18] . After the prenylation, the terminal three (AAX) amino acids are cleaved and the newly exposed cysteine residue is carboxyl methylated [125] . Prenylation facilitates proper subcellular localization of proteins, promotes protein-protein and protein-membrane interactions, and regulates other cellular regulatory functions [14, 36, 48, 55, 69, 71] . Lamins A and B contain a carboxyterminus CAAX box motif with a farnesylated cysteine, which functions to localize these proteins to the inner nuclear membrane [69] and is then carboxymethylated at the membrane [106] (Fig. 1 ). These modifications have been shown to increase the hydrophobicity of lamin B1 [72] , but the farnesyl group is not sufficient for stable association with membranes [54] . Lamin B3b, like the Ras proteins that interact with the plasma membrane, stably associates with the nuclear membrane because of a palmitylation site, a designated cysteine residue near the protein's association with a membrane for the attachment of a fatty acid chain, and a basic cluster in conjunction with the CAAX motif [54] . Similarly, a farnesylated G-protein was shown to interact with model membranes consisting of phosphatidylethanolamine and phosphatidylserine by positively charged amino acids near the farnesyl group [7] . All of this evidence suggests that hydrophobic modifications of a protein are essential for targeting proteins to the membrane [54] and exhibit an observable physical interaction with membranes [7, 34] .
HGPS typically results from a de novo point mutation C608T in exon 11 of LMNA that activates a cryptic splice donor site, resulting in a truncated lamin A protein (called Δ50 lamin A or progerin) that is missing 50 internal amino acids near the carboxyterminus [27, 35] . As mentioned previously, lamin A contains a CAAX box motif that is farnesylated, cleaved and carboxy-methylated. FACE-1 (ZMPSTE-1 in mice), an endoprotease, trims the lamin A precursor into its mature form [19, 119] . However, the progerin mutant does not undergo this last step in lamin A processing because the FACE-1 cleavage site is located within the deleted region caused by the mutation [35] .
As a result, the farnesyl and carboxymethyl groups added during CAAX processing remain, immobilizing progerin at the nuclear membrane and causing significant disruptions to nuclear integrity including changes in nuclear shape, its ability to handle mechanical stress and gene expression [24, 25, 28, 44, 59, 60, 63, 64, 114] .
Interestingly, the same progerin mutant is found in cells of unaffected individuals because of sporadic activation of the cryptic splice site [25] . Cells from older individuals contain more progerin proteins than cells from younger individuals [25] , suggesting that progerin is not processed like other lamin A proteins within the nucleus, but rather accumulates at the nuclear membrane over time [24, 28] .
Nuclear
The retention of CAAX posttranslational lipidations causes progerin proteins to remain associated with the membrane, which then causes the membrane to fragment during during division, resulting in a delayed cytokinesis and mislocalization of nuclear envelope and lamina components in daughter cell nuclei [28] . Nuclei from patients with HGPS are larger, have altered nuclear morphology -nuclear blebs -and a thicker nuclear lamina (see figure 2 and the first report [44] ). Also, the expression of progerin has been shown to impact nuclear import due to nuclear pore mislocalization [1] .
Mechanically, the over-accumulation of progerin at the nuclear envelope decreases the lamina network's ability to deform and increases nuclear stiffness in patients with HGPS [24] . Nuclei under extreme stress can experience cracks and fissures, whereas healthy lamina networks deform relatively uniformly [24] . HGPS cells also show altered heterochromatin organization which leads to changes in cell senescence [104] , telomere length [29] , viability [115] and differentiation [101] .
Cellular
Although fibroblasts from HGPS patients have no apparent change in actin organization, the cells have decreased proliferation, motility and wound healing ability [115] . Fibroblasts from HGPS patients do not deform as readily as control fibroblasts due to the stiffened nucleus [115] . Cells expressing exogenous progerin are less able to adapt to stress by reorganizing proteins within the nucleus and reorganizing whole nuclear structures [96] . Also, nuclei of cells that are juxtaposed to progerin expressing cells do not show the normal response to shear stress. This suggests that only 30% expression of mutant protein [96] is sufficient to affect all cells in a flow field, possibly by altering the flow pattern and thereby shear stress of the microlayer.
Engineering tools in the microcirculation
Mechanical measurements of cellular and nuclear stiffness
There are a host of studies used to measure mechanical properties of cells and nuclei using hyper-physiological strain and in situ methods. Many of these methods have been reviewed in detail [59] . Primarily they include (a) exerting large forces and watching the deformation over long time or (b) in situ particle tracking. Both have advantages and limitations, but combining mechanical measurements with visualization allows a better understanding of subcellular interactions. This may have important implications on tracking gene movements and reorganization in nuclei, allowing correlation of mechanics and gene expression [24] .
For high force measurements, typically with compression (such as with AFM) or extension (such as with micropipette aspiration) large scale deformations can be observed and reorganizations can be mapped [23] . This technique has been used successfully in many nuclear [24] and cellular systems [53] , and in some cases to determine mechanisms that may not have been visible under physiological levels of strain [24] . However, these large forces and strains may not necessarily represent the forces experienced by the cell or nucleus. In situ particle tracking allows for direct observation of mechanical properties in the native environment with the possibility of cellular manipulation and observation, and this technique has also been used successfully in nuclei [88] and cells [21] . However, drawbacks include the complications from measuring both the mechanical properties of a material and the 'purposeful' motion associated with molecular motors in a cell [68] .
As described earlier, these techniques are/can be used before and after flow to determine changes in cellular [6] and nuclear [30] structure and mechanics related to blood flow on the vessel side.
Tracking the fluid flow and microcirculation
There is certainly more than one unique mechanical dynamic in the microcirculation.
Blood flow provides a major mechanical-biological coupling since the blood provides shear stress which stimulates the endothelial layer (according to their mechanical properties), and blood perfusion is required for transport of nutrients, oxygen and waste removal [9] . Blood is a concentrated suspension of formed elements that includes erythrocytes (red blood cells, RBCs), leukocytes (white blood cells), and platelets. RBCs constitute around 45% of blood by volume. These cellular components are suspended in plasma, an aqueous solution that generally follows Newtonian fluid dynamics. In large vessels with internal diameter greater than 500 μm, blood may be modeled as a Newtonian fluid with a constant viscosity. However, in the microcirculation where vessel dimensions become comparable to cell diameters, blood behaves as a non-Newtonian fluid. In such vessels, the viscosity of blood depends on the vessel diameter [81] . Blood flow exhibits interesting and unique dynamics in microcirculation. The Fahraeus effect indicates that the hematocrit of blood in a narrow tube of less than 200 μm is lower than the discharge hematocrit exiting from the tube. This is due to the fact that RBCs move faster than the suspending medium in narrow tubes. The velocity difference originates from RBC migration away from the wall to the center of the tube, where velocities are higher. The ratio of particle velocity to suspending medium velocity depends on the ratio of particle diameter to tube diameter [128] .
Topology of microvascular networks and branching patterns have been studied with several levels of idealization [8, 97] , utilizing the variable morphometric and fractal approaches [107, 108] or from in vivo data [39, 99] , resulting directional preference on flow induced loading. Cellular split ratios downstream of vessel braches are predicted based on pure fluid dynamics considerations [40, 41] . Physiological, disease specific adaptations and congenital malformations result complex topological arrangements either upstream or downstream of the pathological flow alteration [98, 100] , such as micro arterio-arterial, veno-venous anastomoses and arterio-venous micro shunts in various tissue types [84, 110] .
The migration of RBCs to the tube axis creates a cell-free plasma layer along the wall and a cell-rich central core and results in two other important blood flow anomalies; the Fahraeus-Lindqvist effect and plasma skimming. In microvessels, the cell-free layer along the wall (Fahraeus effect) is important in reducing the friction between RBCs and endothelial cells, thus reducing the flow resistance associated primarily with cell compliance and shape [58, 126, 127] . The Fahraeus-Lindqvist effect describes the decrease in apparent viscosity with decreasing micro-vessel diameter, up to a minimum diameter of ~29μm, attributed to RBC size [5] . Further decreasing vessel diameter increases apparent viscosity because the tube becomes smaller than the blood cells [33, 128] . Consequently, at individual branch points in the network, the cell-free plasma layer along the wall in the mother vessel leads to an uneven distribution of cell and plasma flow into the two daughter branches. In general, larger daughter vessels with higher volume flow exhibit increased hematocrit. For very uneven flow distributions, small vessels may even be perfused by plasma without any red cells (plasma skimming) [128] .
One of the most important properties of blood is the ease with which it flows through the microvasculature. The theoretical value of the wall shear stress (WSS) distribution may be calculated by simulating the flow in the vessels (see below). If the vessel is large enough, the blood may be considered as Newtonian fluid (with constant viscosity) and the procedure is straightforward. On the other hand, in the microcirculation, flow resistance is often described in terms of "apparent viscosity" and "relative viscosity", which relate blood flow to the Newtonian fluid (i.e., the plasma).
However, the apparent and relative viscosities are not intrinsic properties of the blood; both vary with hematocrit, RBC aggregation state, and vessel geometry.
Allowing that it is tolerable to "average" the properties of blood for a continuum description of the flow profile in the microcirculation, there are still significant biological interactions to be considered between blood cells and endothelial cells in vessels of diameter 10-500 μm [81] . In this case, the size of the RBCs is comparable to the size of the vessels, and hence each cell must be taken into consideration in the modeling. This is a more sophisticated problem since deformation of the RBC membrane alters the fluid viscosity. Hence, the cell-fluid interaction should be considered as well [82] . In this case, the internal fluid of the cells must be taken into account along with the external fluid, the plasma, while membrane of the cells is the moving boundaries. RBCs surface deformations directly influence the WSS [82] .
Four-dimensional image processing and image augmentation technologies have been developed to examine flow in model microcirculations using the interpolation of sliced confocal data [38] . This can be approximated by microscopic imaging of cellular scale flow fields induced by high hematocrit blood flowing through 300 μm square micro channels, Figure 3 . In these tubes, the solid-like components of the blood, at high hematocrit, can begin to be approximated as more than an empirical factor. Increasingly sophisticated computational fluid dynamics (CFD) models that simulate 3D interactions of crowded blood cell clusters have been proposed recently by several research groups [2, 3, 56] .
Simulating the microcirculation
Shear stress has long been studied or simulated in large arteries since Newtonian fluids and well developed fluid profiles could be used. Now, capillaries and microcirculation can be simulated to match in vitro experiments and knowledge gained from systems of larger vessels and experiments can be imaged at the microvascular level using more sophisticated technologies. Smaller regions can be studied and the inclusion of cellular components such as red blood cells can be included, such as in Figure 3 
Moving toward advancing clinical practice and patient care with regard to HGPS/aging and the microcirculation
The real questions remain, how can the study into nuclear and cellular stiffness in response to shear stress, particle tracking of blood cells combined with mathematical simulation help patients? Many traditional studies of changes in vessel stiffness during aging are related to the adventita and the collagen and elastin fibers of the extracellular matrix [105] . The microcirculation is largely ignored since the effects of cellular twophase compliant flow make modeling more complex. However, the reported wall shear stress values of the microcirculation are comparable to those of the large artery [67] .
Here, particularly with the HGPS pathology where the cell stiffness and mechanical response to shear stress appears to be altered, it is possible that mechanics and structure (rough endothelial layer versus smooth) could play a role in smaller vessels as well, particularly given the intimate associations with endothelium and RBCs.
If blood is excluded from regions of the microcirculation due to the stiffness or roughness of the endothelium there are huge implications for patient health. With the development of integrated clinical medicine, science and engineering tools we can begin to explore the role of endothelial response to stress in the formation of new blood vessels, for example. From this review, one hypothetical to consider would be that in effectively lowering the hematocrit of patients with HGPS or an age-related analog, one could see increased effective shear flow and possibly increased RBC access to regions of the microcirculation. This may allow regions of angiogenic blood-vessel formation to thrive [76] and may aid in tissue growth, repair and maintenance. ) at the mid-acceleration phase of the cardiac cycle of early embryonic aortic arch is shown for one simulation. The color map at the right shows the intensity gradients reflecting the diversity of shear stresses within one region.
